Depletion of the body stores of fixed base is the most serious complication of diabetic ketoacidosis, and losses of total body sodium of 25 to 50 per cent have been reported in diabetic acidosis in man (1) (2) (3) (4) . Recent work from several laboratories has indicated that from 30 to 45 per cent of the total body sodium exists out of solution in the mineral solids of the skeleton (5) (6) (7) . It has also been demonstrated that this store of sodium is not fixed but may increase or decrease depending on whether the individual is subjected to excess sodium intake, uncompensated sodium loss or acidosis (8) (9) (10) . The degree to which the bone sodium pool may be reduced seems to vary with the intensity and duration of the sodium loss and acidosis (7) and probably with the age of the animal (7, 8, 11) . Therefore, experiments designed to examine effects of diabetes and of acidosis, separately and together, upon the size of this store of body sodium should be of value in designing rational electrolyte replacement therapy in diabetic acidosis.
In the experiments reported here the bone sodium content of rats with alloxan diabetes of both short and long duration was compared with normal controls of equal age. In addition, normal and diabetic rats were rendered acidotic by the intraperitoneal injection of ammonium chloride and the response of their bone sodium to this stimulus was examined. The results indicated that untreated alloxan diabetes, in the absence of acidosis, as indicated by normal blood pH's, had no effect on bone sodium stores, and that both normal and diabetic animals responded to acidosis with a comparable decrease of about 12 per cent in bone crystal sodium content. 1 Supported by Public Health Service Grant A-525 and National Science Foundation Grant G-1307. 2 Presented in part before the Twentieth International
Congress of Physiology, Brussels, Belgium, August, 1956.
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METHODS AND CALCULATIONS
All of these studies were carried out in male, albino rats of the Charles River strain, weighing 225 to 250 Gm., 9 to 10 weeks old at the initiation of the experiment.
All of the animals were maintained, two to a cage, on an ad libitum diet of Purina Rat Checkers and tap water. All of the animals were fasted for 20 hours prior to sacrifice. The control animals for each group were obtained from the supplier at the same time as their experimental counterparts, and were maintained under identical conditions.
Diabetes was induced by the intravenous injection of alloxan monohydrate (40 mg. per Kg.) following a 24 hour fast. Criteria for the establishment of diabetes were two random blood sugar levels of over 300 mg. per cent one and two weeks after injection, together with a failure to gain weight in a normal fashion. Rats who became severely ill within 24 to 48 hours of alloxan injection were sacrificed and not used in this study, since we had previously found, at sacrifice and autopsy, that these animals had severe renal and hepatic damage, in addition to destruction of the beta cells of the pancreas, and abnormalities of these organs, especially the kidneys, might be expected to produce changes in the water and electrolyte content of the tissues, independent of the effects of diabetes. One group of diabetic rats was sacrificed three to four weeks after the injection of alloxan. Another group of diabetic rats was sacrificed at the same time following the induction of acidosis, together with a group of normal controls and nondiabetic acidotic animals. A third group of eight diabetic rats, together with six controls, was maintained for 23 weeks. During the twenty-third week two of the diabetic animals died, so the remaining six were sacrificed at that time, approximately six months after the establishment of diabetes. No insulin was administered to any of the diabetic animals.
Acidosis was induced by the intraperitoneal injection of normal saline, to which was added ammonium chloride (100 mM per L.). Eight ml. per 100 Gm. of body weight was administered four hours prior to sacrifice. It must be noted that ketoacidosis is almost impossible to induce in the alloxan-diabetic animal, since once diabetes has been established by this drug, loss of body fat occurs almost immediately unless insulin is administered, and within two to three weeks the fat depots have practically disappeared. Accordingly, aceto-acetic acid and other ketones in increased amounts do not appear in the plasma of these animals, presumably due to a lack of fatty acids 1676 for metabolism, and intense, true ketoacidosis cannot therefore be produced. However, moderately severe hyperchloremic acidosis resulted from the procedure used here.
At sacrifice the rats were exsanguinated through the abdominal aorta under Nembutal® anaesthesia. A Both femurs from each animal were placed in a tared weighing bottle and brought to constant weight at 1020 C. The bones were then ground by hand in a mortar to a powder the consistency of fine talc. This powder was extracted three times with a mixture of equal parts of ethyl and petroleum ether to remove neutral fat. The marrow-free bones of young rats contain almost no fat (less than 1 per cent). However, the bones of the older animals contained significant amounts of fat (up to 5 per cent of wet weight). Therefore, all bones were fatextracted. The methods used in the analysis of the bones for chloride and sodium have been described in detail elsewhere (9) . Bone chloride and sodium analyses were all carried out in duplicate. Ashing was carried out on separate samples of 75 to 100 mg. The samples were ashed in platinum crucibles for 48 hours at 1,0000 F.
Calculation of the crystal sodium, or that part of the sodium not contained in the extracellular fluid of the bone, was made on the assumption that all of the chloride pres- Statistical analysis of the data was done using Fisher's t test for small samples.
RESULTS
Tables I through III present the results obtained. All experimental values were referred to the 80 to 100 day old normal controls, with the exception of the values for the 280 day old diabetic rats where control values were those found in the normal animals of the same age. In addition, statistical comparison of the data of diabetic versus diabetic acidotic animals was made.
In Table I t Received NH4Cl.
$ p values are the significance of difference of means of normal and experimental animals. The 80 to 100 day rats are compared with the 80 to 100 day normals and the 280 day diabetic rats with the 280 day normals.
§ No significant difference (p > 0.05).
counts for the loss of weight. Blood sugars were markedly elevated in diabetes, and were higher in the rats who had had their disease for a longer period of time. Acidosis appeared to increase the blood sugar of diabetic rats, as compared with nonacidotic diabetic animals, perhaps due to the stress of this experimental procedure, but this difference was not statistically significant. Plasma pH was normal in the diabetic rats, and ammonium chloride did not result in a more marked drop in the diabetic animals. pH fell an average of 0.14 unit in the diabetic animals and 0.16 unit in the nondiabetic animals.
Results of plasma ketone analyses were of interest in that normal animals exhibited a much more marked degree of ketosis in response to acidosis than did diabetic animals, probably as a result of the previously mentioned fact that the presence of depot fat is a necessary precursor for the development of ketosis. This finding also suggests that lowered pH, such as occurred in the non- diabetic animals in response to hyperchloremia, inhibited normal glucose utilization, resulting in a secondary ketoacidosis which might have been responsible for the slightly greater degree of pH change seen in the normal animals when compared to the diabetics. Table II presents the average values found for plasma water and electrolytes in the different groups of animals. Plasma water was lower in the older animals, as has been described during aging (7, 11) . Diabetes did not affect plasma hydration, but there was a slight increase in plasma water in the diabetic acidotic rats. Plasma sodium and chloride concentrations were lower in the diabetic animals than in the normals. In the younger rats both these differences were statistically significant, and plasma chloride was significantly lowered in the older diabetic animals. A rapid rate of urine formation, secondary to the osmotic diuresis of hyperglycemia, which prevented as complete reabsorption of these ions as normally occurs, is the probable explanation for these findings. The high plasma chloride values in the acidotic animals were the result of the large load of intraperitoneal ammonium chloride which they had received. The normal value for serum Na seen in the diabetic acidotic animals, as compared to the diabetics, may have been due to retention of Na from the NaCl solution in which the NH4C1 was administered.
In Table III , it can be seen that the water and electrolyte content of the bones of diabetic animals did not differ significantly from that of the normal controls, with the exception of chloride. Although total bone water was significantly lower in the older animals, both control and diabetic, compared to the younger, as has been previously reported in association with aging (7, 11) , the total bone sodium content was not lowered in diabetes either of short or long duration. In contrast, total bone sodium was significantly lower in both normal and diabetic animals rendered acidotic, the size of the decrease in bone sodium being similar in both groups of animals. Bone calcium also fell 1. 0 NANCY NICHOLS. AND GEORGE NICHOLS, JR. . .. in both normal and diabetic acidotic animals. Bone chloride content was significantly lowered in both young and old diabetic animals, while acidosis raised the bone chloride content in both normals and diabetics, probably as a reflection of the ab-.
normally high plasma concentrations of this electrolyte. This hypothesis is confirmed by the fact that acidosis did not significantly increase bone chloride spaces (Table IV) .
DISCUSSION
While the total volume of bone water is amenable to direct measurement, the assumption that the chloride space is a true measure of the extracellular space of this tissue is open to considerable doubt. Histological studies and the investigations by Neuman, Toribara and Mulryan of synthetic hydroxyapatite (16) suggest that bone water may be divided into four moieties: 1) "true" extracellular fluid (i.e., plasma and interstitial fluid contained in the Haversian systems; 2) intracellular water of the bone cells; 3) the hydration shells of the mineral crystals; and 4) water in the form of hydronium ions substituted for Ca++ or Na++ at the crystal surface. In previous publications the authors have assumed that the chloride space comprised only the "true" extracellular water. Forbes, Mizner and Lewis, on the other hand, have assumed that the chloride space includes the hydration shell water as well (11) . Their theory is supported by two observations which suggest that our previous concept was in error. First, there appears to be exchange of ions between the bulk solution and the apatite crystal in vitro (17, 18) It is also puzzling that the total water content of adult bone is inadequate to hydrate bone collagen to the same extent as collagen in other parts of the body. Pure collagen, as exemplied by tendon, has a water to dry solids ratio of 2: 1 (21). In our normal 280 day old rats, water constituted 19.2 per cent of the total bone. Of the total solids (808 Gm.), ash weight constituted 70.9 per cent or 572 Gm. Dry collagen constituted almost 100 per cent of the remaining solids (23), or 236 Gm. If this collagen were hydrated to the same extent as tendon, it would, then, command the presence of some 472 Gm. of water, more than twice the total water content of adult bone found by us and other workers (11) . Presuming that bone contains a considerable amount of crystalline water of hydration, as well as water in the Haversian systems, and a small amount of intracellular water, one is reduced to visualizing collagen in mature bone as virtually a "dry" substance. This same conclusion has been reached by Robinson (24) , and similar findings in enamel have been reported by Deakins (25) . One is tempted to speculate, in the light of this finding, that the dehydration of collagen in bone occurs during skeletal development by the substitution of calcium and phosphate ions directly into the collagen fiber, in exchange for hydronium or hydroxyl ions. In other words, the formation of the crystalline structure of bone may occur actually within the fibers of collagen by means of a chemical exchange between the water of this substance and the ions forming the bone crystal. The marked decline in total bone water from weanling to old rats (7, 10, 11) and the demonstration of calcification centers inside the collagen fibrils of embryonic bone (26) support this concept.
Despite these grave reservations as to the validity of the calculated chloride space in bone, it should be realized that some sodium in bone does exist that is not present as part of the mineral lattice, that the amount of this sodium may vary, and that the only possible method of estimating this variation at present is by the use of such a calculated chloride space. The quantitative accuracy of the data derived by this means is certainly open to criticism. Table IV and Figures 1 and 2 present values calculated from the basic data for the water, sodium and calcium content of bone.
In the three groups of nondiabetic animals, the only significant changes found in either total bone water or calculated chloride spaces was a decrease in the total bone water of the older animals, consistent with previous reports (Table IV and Figure 1 ). Since the calculated chloride space did not decrease with age, this represented a significant decrease (p < 0.01) in the remaining fraction of the bone water, which fell from 25 per cent of the total bone water in the 80 to 100 day rats to 5 per cent in the older animals.
In the diabetic animals, total bone water was lowered significantly, compared to the normal 80 to 100 day controls, in the acidotic group. This lowering appeared to be a combination of the stress of diabetes and acidosis in these animals, since. the values for total bone water in the nonacidotic animals did not differ significantly from the normal controls, nor were the values for the diabetic-acidotic rats significantly different from those for the nonacidotic diabetic animals. On the other hand, the calculated chloride space was significantly lower in all three groups of diabetic animals, compared with the normal 80 to 100 day controls. This change was also significant when the values for the older diabetic animals were compared with the values found in the older controls. The calculated chloride space in the 80 to 100 day old diabetics was 15 per cent less than in the 80 to 100 day controls, and 10 per cent less in the diabetic-acidotic animals, compared with the same controls. In the older animals, the calculated chloride space was 13 per cent less than in the control animals of the same age. Acidosis, as produced in these experiments, did not significantly alter the size of the calculated chloride space in either normal or diabetic animals. The mechanisms which underlie these apparent changes in the volume and distribution of bone water are as yet unknown. In the case of the reduced size of the calculated chloride spaces in the diabetic animals, one might speculate that there was a general reduction in total body extracellular fluid volume, as a result of osmotic diuresis, which was reflected in the calculated chloride space of bone. Since no measurements of total extracellular fluid were made in these animals, the validity of this concept cannot be determined. Table IV and Figure 2 present calculated values for bone crystal sodium and calcium. It is apparent from these calculated values that bone crystal sodium concentrations were almost identical in the short-term diabetic animals with those found in the normal animals. There was, however, an increase in bone crystal sodium in the bones of the older animals, as has already been described by the authors and other investigators (7, 8, 11) . This increase was actually greater in the old diabetic rats than in the normals, confirming the impression that uncontrolled diabetes of this type, despite causing a lowered serum sodium concentration, did not decrease the store of sodium in the bone crystal. It is of interest to note that age, rather than weight, is apparently the determining factor in bone crystal sodium concentration, since the diabetic rats weighed 18 to 20 per cent less than the normal controls.
In both normal and diabetic animals, however, acidosis caused a marked fall in the concentration of bone crystal sodium. In the normal animals bone crystal sodium fell from 325 to 280 mM in response to acidosis, a decrease of 13.8 per cent, while in the diabetics it dropped from 322 to 289, or 9.9 per cent From these data, it would appear that there was little difference in the response of bone crystal sodium of the normal and the diabetic rats to the stimulus of acidosis.
The mobilization of bone crystal sodium observed in these rats in response to hyperchloremic acidosis is comparable to that observed by the authors in adult dogs, where in response to acute pure sodium deficiency some 11 per cent of bone crystal sodium was removed (9) and to the 11 per cent fall found by Levitt, Turner, Sweet and Pandiri in rats (27) . Lesser degrees of bone sodium depletion were observed by Edelman, James, Baden and Moore in dietary sodium depletion of dogs (5.8 per cent) (28) and by Lobeck and Forbes (5.5 per cent) (29) in rats dying in acute acidosis 72 hours after the injection of alloxan monohydrate. It is of interest that in the latter experiments the degree of sodium depletion of bone was less than half that reported here, despite greater decreases in plasma pH and significantly decreased serum sodium concentrations. It is possible that adrenal stimulation accounted for this, since their animals were moribund at the time of sacrifice. Bergstrom and Wallace, using a dialysis technique identical with that used in the present series, but allowing their rats to equilibrate for 24 hours in the absence of exogenous sodium, were able to mobilize 31 per cent of the "extra" sodium of bone (8) . No bone waters are available in this series, and furthermore, since their values were expressed in terms of wet bone rather than crystal solids, it is difficult to compare them with our values.
Bergstrom and Wallace noted a fall in bone calcium in response to acidosis similar to that reported here, although this decrease was not statistically significant (8) . In their animals, calcium fell from 8,000 to 7,800 mEq. per Kg. of wet bone, or 2.5 per cent. In the present series, bone calciums were comparable in the normal and diabetic animals, and acidosis caused a fall of 7 per cent in bone crystal calcium in the bones of the normal rats, and a drop of 3.4 per cent in the diabetic animals. These changes were both highly significant.
It would appear in these animals, that loss of bone sodium in response to acidosis was not accompanied by any major gain in water, and in fact there was a decreased amount of nonextracellular water in the diabetic animals. Hence no exchange of sodium for hydronium ion can be postulated. Nor, apparently, was sodium exchanged for calcium in the crystals, since bone crystal calcium also fell. An exchange of hydrogen ion for sodium and calcium cannot be postulated in the light of Neuman and Neuman's belief that hydrogen ion exchange at the crystal surface occurs only when hydrogen is present as hydronium or hydroxyl ion (19) . It is probable, therefore, that actual dissolution of the crystalline matrix occurs in acidosis; some confirmation of this is found clinically in the demineralization of bone observed in conditions of chronic acidosis (30, 31) . It is also probable that, in these animals, dissolution of organic matrix also occured, since there was virtually no change in the percentage of ash in the acidotic bones. If 7 per cent of the crystalline matrix had been lost, as suggested by the fall in calcium in the nondiabetic acidotic animals unaccompanied by a loss of organic solids, one would have expected to find a lowering of the ash to organic solids ratio in these bones. Furthermore, the ratio of calcium to the other mineral ions must have decreased, since a decrease in the concentration of this ion was observed in relation to both total bone solids and bone ash.
The syndrome of alloxan diabetes in the rat, while differing in many important respects from the spontaneous diabetes occurring in humans, does include hyperglycemia, glycosuria and polyuria, which might be expected to reduce stores of body sodium. However, from the data presented, it would appear that untreated alloxan diabetes in the presence of an adequate dietary intake of sodium exerted little or no effect upon body sodium stores, as exemplified by the storage of sodium in bone, despite the presence of a lowered serum sodium in these animals. It should also be noted that serum sodium was high in the diabeticacidotic animals who lost considerable quantities of bone sodium. Apparently, then, the removal of sodium from bone is not completely dependent on extracellular fluid levels of this ion in the absence of acidosis. The concentration of extracellular fluid sodium may, however, play some part in the mobilization of bone sodium. We were able to mobilize some 70 mM of sodium in excess of that lost from the extracellular fluid, from dogs dialyzed against a low-sodium bath (9) . In these animals plasma sodium fell 7 mM per L., while plasma pH remained normal. Much more sodium was mobilized from a second group of animals in whom plasma sodium fell 18 mM per L., accompanied by a fall in plasma pH (9) . In the present series of rats, more sodium and calcium were mobilized in the normal acidotic animals who had a plasma sodium concentration of 144 mM than in the diabetic-acidotic animals with a plasma sodium of 150 mM per L. Plasma pH was comparable in the two groups. These findings suggest that either lowered extracellular fluid sodium in the presence of normal pH or acidosis in the presence of normal extracellular fluid sodium may cause a loss of bone sodium, but that maximal loss of bone sodium occurs when both of these factors are present. SUMMARY 1. Untreated alloxan diabetes does not alter the total water or crystal sodium and calcium content of bone. It does diminish the size of the "calculated chloride space" of bone.
2. Acute hyperchloremic acidosis causes a fall in bone crystal sodium (10.2 per cent) and calcium (3.5 per cent) in diabetic rats which is comparable with the fall in bone crystal sodium (13.8 per cent) and calcium (7.0 per cent) obtained in normal rats. 3 . A discussion of the present state of knowledge of bone water, and those factors limiting the accuracy of the "calculated chloride space" in bone, is presented.
